It has been observed that Rhizobium inoculant strains frequently fail to persist in soil and cannot be recovered, at least in their original genetic form, relatively soon after inoculation (16) . Even when they do survive, they may be unsuccessful in nodule formation in the field situation (e.g., see reference 42) . Although environmental factors are presumably responsible for these effects, knowledge of Rhizobium ecology is so limited that we can usually offer no explanation for the observed phenomena. Much more information on the dynamics and factors influencing rhizobial populations in soils is needed before we can understand what is happening at individual sites and more efficiently manage the Rhizobium-legume symbiosis.
The action of bacteriophages is one factor frequently proposed as a mechanism of change in bacterial populations. Phages have the ability to limit host numbers in a selective fashion as well as to act as vehicles for genetic exchange, and it has been suggested that they may be of general importance in bacterial evolution over both the short and the long term (36, 39) . Rhizobiophages have been isolated from soils and nodules on many occasions (2, 26, 28, 46) . In vitro experiments have shown that they may influence both the size and the nature of populations of their host. They can affect the outcome of competition for nodulation between rhizobial strains and may select for phage-resistant bacterial variants (4, 13) . Since acquisition of phage resistance is often associated with a loss of infectivity and symbiotic effectiveness (3, 20, 25, 35) , similar selective activity in soil could decrease the overall nitrogen-fixing potential of a field population of root-nodule bacteria. In addition, transduction between rhizobia has been described many times (27, 32) and has the potential to change the characteristics of inoculum strains in soil.
It is not known if any of these effects occur in natural habitats. Interactions in the soil may be similar to those seen in laboratory experiments, but it is also possible that phage * Corresponding author. activity is limited in this complex and heterogeneous environment. We need much more data on factors influencing phage activity and on phage levels and growth rates in natural habitats before it will be possible to assess their effects on populations of rhizobia and other bacteria in soil. Only a few studies have attempted to obtain such information (10, 11, 17, 28) , and details of the edaphic and climatic factors which affect rhizobiophage population dynamics are unavailable.
This study was undertaken to monitor the numbers and distribution of Rhizobium trifolii and its phages in legume pastures and to assess the importance of a range of environmental factors as determinants of phage and rhizobial population levels.
MATERIALS AND METHODS
Sites and sampling. The sampling sites were situated at Camden, on the eastern coastal plain of New South Wales, Australia (latitude 34°03'S, longitude 150°42'E). They consisted of two neighboring areas of pasture at the research farms, Lansdowne and Corstorphine, operated by the University of Sydney. The Day (9) , using the criteria of the International Society of Soil Science. Soil pH was determined for 10-g soil samples suspended in 20 ml of 0.01 M CaCl2, using an lonode non-flow pH electrode and an LC-80 pH-mV meter (TPS Pty. Ltd., Brisbane, Australia) (37) . The soil moisture characteristic was determined by the method of Richards (40) , Rhizobial and phage strains. Bacterial nomenclature used throughout this paper is that proposed by Jordan (24) . With the exception of R. leguminosarum biovar trifolii strains NU341 and NU342, which were isolated during this study from nodules collected at Lansdowne and Corstorphine, respectively, all bacteria and phage used were obtained from collections maintained at the University of New South Wales.
Rhizobial enumeration. Soil samples for bacterial and phage enumeration were homogenized (three 2-s bursts) in a Waring blender. A 10-g subsample was then shaken with 100 ml of distilled water at 200 oscillations per min for 15 min in a Dynamax wrist-action shaker (Ainsworth Dental Co., Sydney, Australia) and allowed to settle. The supernatant was serially diluted 10-fold, and 1-ml samples were inoculated onto duplicate 1-week-old T. repens seedlings grown in tube culture on Jensen's seedling agar (23) . Nodulation of test plants was checked 6 weeks after inoculation. Rhizobial levels were determined by the plant infection method, using the modified most-probable-number tables of Fisher and Yates (48 Vegetation monitoring. The height of vegetation was measured in each plot. The dominance of clover or grass in each plot was evaluated subjectively, and the flowering periods of clover plants were noted.
Statistical analyses. Rhizobial and rhizobiophage concentrations were transformed logarithmically for statistical analyses. The effect of plot and sampling occasion on both rhizobial and rhizobiophage levels was tested by two-way analysis of variance with replication. The Student-NewmanKeul procedure (47) was used to determine which pairs of population means differed significantly from each other. The significance of the relationship between the two independent variables, rhizobial and rhizobiophage levels, was determined with the correlation coefficient. This was transformed to a z value, which was compared to a standardized normal variate (47 Independent variables found not to be significantly associated with either rhizobiophage or rhizobial levels were progressively eliminated from the analysis. The WilksLambda Criterion was used to test the validity of these eliminations. When independent variables were found to be related, as in the case of mean weekly and monthly air and soil temperatures, then a single representative variable only was used in the analysis.
The possibility of a parabolic, rather than a linear, relationship between the rhizobiophage and rhizobial levels and matric potential was tested, using the square of the matric potential term as an independent variable in the analysis. Similarly, interaction between matric potential and soil type was tested by including the product of those terms as an independent variable. As the effect of additional clay content in the silty clay loam soil was of primary interest, soil type was included as either 0 (sandy loam at Lansdowne) or 1 (silty clay loam at Corstorphine).
RESULTS
Development of methods for phage enumeration. The most satisfactory method for enumerating phage from soil was determined by experiments in which phages CT6 and NT1 were added to, and then recovered from, samples of the two soil types. Yeast sucrose broth proved to be the most effective diluent for phage enumeration, producing higher counts than distilled water and nutrient broth at pH 7.2 and 8.0. Bacteria were removed more effectively, and higher phage counts were maintained, when the lysate was centrifuged, rather than shaken, in the presence of chloroform. Elution in yeast sucrose broth followed by centrifugation into chloroform was thus adopted for phage enumeration from soils. This method was effective in recovering between Rhizobial and rhizobiophage levels were positively and significantly correlated (P < 0.01). There was no evidence of an inverse relationship between the sizes of the two populations.
A range of plaque types was observed. They were clear, turbid, and "bullseye," as described by Barnet (2) , and varied in size from pinpoint to 5 mm in diameter. A single soil sample often yielded a variety of plaque types, and the types derived from a particular plot also varied on different occasions. Plaque counts produced by any soil sample differed according to the rhizobial strain used as host indicator. Levels observed with different hosts during a typical 4-month period are shown in Table 2 . In most cases the greatest number of plaques was observed with strain SU91. Plaque numbers with the two field isolates often followed a similar pattern of fluctuations, although relative numbers differed between sampling occasions and between the two fields. Strain NU341 (originally isolated from Lansdowne) was much less sensitive than either SU91 or NU342 (from Corstorphine) to phages from Corstorphine.
Monitoring of environmental variables. The fluctuations in climatic and other environmental variables are presented in Fig. 3 Rhizobiophage levels were significantly (P < 0.05) and positively related to the logarithm of negative soil matric potential, but this relationship was confined to the sandy loam soil. In the silty clay loam the inclusion of the interaction term, log (-matric potential) x soil type, which was also found to be significant, effectively negated the relationship. Thus, matric potential accounted for a large proportion of the variation in rhizobiophage levels in the sandy loam, but was of negligible importance in the silty clay loam. The lack of significance of the square of the log (-matric potential) term, which increases at both extremes of moisture content, indicated that the relationship between matric potential and rhizobiophage levels was not parabolic in either soil. Rhizobiophage levels were also significantly and positively related to vegetation height and reduced in the silty clay loam soil.
Rhizobial levels were significantly related to vegetation height and cumulative weekly solar radiation, but not to any of the soil moisture, soil type, or temperature and rainfall terms.
After the conclusion of the main part of the study, an attempt was made to check the predictive value of the derived regression equations. The ern Australia (12, 15, 42) . Rhizobiophage numbers were considerably greater than those reported by some authors (1, 38) but comparable to the levels found by others (10, 11, 28) . There were indications from the variations in both plaque type and the proportion of total phage numbers to which different hosts were sensitive that the composition of the phage population varied between locations and with time. Our values are minimum estimates of the size and diversity of phage populations since the bacterial indicators are selective in their sensitivity and actual phage numbers were probably even greater than our measurements indicate. It is also probable that, since these values were derived from bulked soil samples, higher concentrations existed at individual microsites.
The (18, 43) . For continued growth, phage must be able to reach new hosts which may be some distance away. The rate at which transfer will occur will depend on both the concentration of bacterial cells and phage mobility. Higher rhizobial levels, such as those associated with higher vegetation biomass, would be expected to produce increases in phage numbers, an effect seen in this study. Significant correlations of phage levels with both soil water potential and soil type were also observed. These environmental parameters seem most likely to produce their effects through their capacity to cause changes in phage diffusion rates. The movement of bacteria has been shown to increase at soil water levels which produce a greater continuity of water-filled pathways (19, 21) , and it seems likely that phage diffusion would be affected similarly. High clay contents would also be expected to affect phage mobility. Clay colloids can both adsorb phages (7) and protect sensitive bacteria from attack by blocking surface structures (41) . These effects do not necessarily limit equilibrium phage numbers in homogeneous environments (e.g., chemostat vessels [5] ), but could do so in the soil in which clays are usually associated with large aggregates. Adsorption to aggregates in high-clay soils such as those at Corstorphine would reduce phage mobility.
This would account for both the lower average phage levels and the lack of response to increasing matric potential at this site, since phage particles would have reduced ability to reach new hosts even at high water contents. However, even at this clay concentration (34%) phage multiplication was not completely prevented, and when other factors were favorable (as occurred when the environment was supportive of increased host numbers), phage levels as high as those in the low-clay soil were reached. 
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